Introduction {#s1}
============

Air trapping and lung hyperinflation have been identified as a major determinants of health status, prognosis and response to therapy in patients with chronic obstructive pulmonary disease (COPD) \[[@C1]--[@C5]\]. Although associated with measures of airway obstruction, both seem to confer independent information \[[@C6], [@C7]\], as demonstrated by studies on lung--heart interaction \[[@C8]--[@C11]\] and comorbidities \[[@C12]\]. In clinical practice, however, and particularly in patients with COPD, the occurrence of hyperinflation is closely related to that of air trapping, and both are usually measured by body plethysmography or gas dilution techniques \[[@C13]--[@C16]\]. As the availability of these methods is often limited to specialists, the question arises, whether in COPD patients, hyperinflation (or alternatively the proportion of trapped air) can be estimated from other measures that are commonly available, in particular by spirometry. Accordingly, the present study is not intended to unravel distinct pathophysiological differences and in-depth mechanisms among air trapping and hyperinflation, but to provide a simple screening tool that is easy to use in daily practice.

Recently, this question has been addressed by using detailed information from flow--volume characteristics, and it has been demonstrated that the presence of severe hyperinflation, quantified as residual volume (RV) to total lung capacity (TLC) ratio, can be inferred with a sensitivity and specificity of about 80% when defining severe hyperinflation as RV/TLC \>60% independently of age \[[@C6]\]. Although the proposed algorithm marks a significant advance, it cannot be easily applied to already existing data, particularly those given in report form, and for a convenient use would require its implementation into lung function devices by the manufacturers.

As an alternative approach, studies have demonstrated that lung volumes can be estimated from scans obtained *via* computed tomography \[[@C17]--[@C22]\]. This, however, requires equipment much more advanced and expensive than that of lung function assessments, especially spirometry. It is also not well suited for repeated determinations in the follow-up of patients. The present approach does not intend to compete with sophisticated imaging techniques. It is an attempt to estimate lung hyperinflation with clinically sufficient accuracy in a most simple manner from usual spirometric parameters. As sometimes the view is held \[[@C14]\] that the difference between slow inspiratory vital capacity (IVC) and forced vital capacity (FVC) can be attributed to trapped air, we also asked whether the use of IVC, in comparison to FVC, would be helpful in the prediction. To address these questions, data from the large German COPD cohort COSYCONET (COPD and Systemic Consequences Comorbidities Network*)* were analysed.

Methods {#s2}
=======

Study population, parameters, and measurements {#s2a}
----------------------------------------------

We used data from visits 1--5 from COSYCONET, a prospective, long-term, observational, multicentre cohort study on stable COPD \[[@C23]\]. Patients of spirometric Global Initiative for Chronic Obstructive Lung Disease (GOLD) grades 1--4 \[[@C24]\] were included. Visit 1 was the enrolment visit, and visits 2--5 were scheduled at 6, 18, 36, and 54 months after inclusion. This study was conducted in accordance with the amended Declaration of Helsinki. All participants had given their written informed consent, and the study was approved by the Ethics Committee of the University of Marburg as coordinating centre and the ethics committees of all study centres; it is registered on ClinicalTrials.gov (NCT01245933). Further methodological details can be found in the [supplement](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials).

As measures of spirometry, we used post-bronchodilator forced expiratory volume in 1 s (FEV~1~), FVC, and slow IVC. For quantification of lung hyperinflation and/or air trapping, we chose RV, TLC, their ratio RV/TLC, and functional residual capacity (FRC) as assessed by whole-body plethysmography using MasterScreen devices (Viasys, Jaeger, Höchberg, Germany). All parameters were taken as percent of their respective Global Lung Function Initiative (GLI) or European Coal and Steel Community (ECSC) predictive values \[[@C25], [@C26]\]. RV/TLC was used in both manners as indicated (*i.e.* as absolute ratio (main analysis) and in % pred). IVC % pred was computed using the GLI prediction equation for FVC reference values, justified in the assumption that in healthy subjects, IVC and FVC are virtually identical. Potential differences between both measures regarding their lower limits of normal (LLN) were not relevant as we did not evaluate LLN values.

Methodological approach {#s2b}
-----------------------

The parameters that were sufficient to predict lung hyperinflation, were derived from visit 1 data, while visit 2--5 data were used to check the reproducibility of these estimates. As reproducibility was given, we pooled the data from all five visits to determine the coefficients of the final mixed prediction models, separately for males and females. These models comprised the RV/TLC ratio, as a conventional measure of trapped air that is also indicative of hyperinflation in COPD. RV/TLC showed the highest r^2^ value, as a measure of the goodness of fit, among all other measures. FEV~1~ % pred and FVC % pred were included as predictors, as well as optionally the covariates age, height and body mass index (BMI).

Statistical analysis {#s2c}
--------------------

Using multiple linear regression analysis, RV/TLC, RV/TLC % pred, RV % pred and FRC % pred were chosen as dependent variables to describe hyperinflation, and FEV~1~ % pred, FVC % pred and IVC % pred as predictors, in addition to the covariates sex, age, height, and BMI. Taking the area under the curve (AUC) as a measure, receiver operator characteristics (ROCs) were used to evaluate the diagnostic accuracy of the predicted values of the regression analyses for the detection of hyperinflation. This was defined as RV/TLC ratio above the predicted value plus 1.645×residual standard deviation (RSD) (*i.e.* the conventional upper limit of normal (ULN) \[[@C25]\]), similarly to a previous study that paralleled air trapping and hyperinflation \[[@C6]\]. For the main analysis, we did not use fixed cut-off values for RV/TLC, as according to the ECSC equations this ratio depends on age \[[@C26]\].

Results {#s3}
=======

Overall, data from 1988 patients with COPD of GOLD grades 1--4 (n=187, 847, 766, 188) were available for analysis (1231 males, 757 females). Patients\' characteristics at visit 1 are given in [table 1](#TB1){ref-type="table"}, and for subsequent visits, in [table S1](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials). All patients were caucasian with regards to GLI reference values \[[@C26]\].

###### 

Subject characteristics at visit 1 (baseline)

                                 **Study population, n=1988**   **Males, n=1231**   **Females, n=757**
  ----------------------------- ------------------------------ ------------------- --------------------
  **Baseline data**                                                                
   Age years                               65.1±8.4                 65.8±8.3             63.8±8.3
   Height cm                                171±9                     176±7               163±7
   BMI kg·m^−2^                            26.6±5.2                 27.2±4.9             25.7±5.4
   Smoking history pack-years             49.6±36.0                 54.1±38.6           42.0±29.6
  **Lung function**                                                                
   GOLD 1/2/3/4 (GLI)                  187/847/766/188           116/523/470/122      71/324/296/66
   FEV~1~ % pred (GLI)                    53.1±18.4                 53.0±18.8           53.3±17.9
   FVC % pred (GLI)                       78.8±18.8                 78.8±19.1           78.9±18.2
   RV % pred (ECSC)                       176.1±51.4               170.2±50.3           185.6±51.8
   FRC % pred (ECSC)                      151.5±35.4               146.6±34.1           159.5±35.9
   TLC % pred (ECSC)                      119.4±18.2               114.9±16.6           126.5±18.4
   RV/TLC                                0.547±0.107               0.531±0.109         0.574±0.098
   RV/TLC % pred                          137.2±27.4               134.4±28.6           141.7±24.7
   IVC % pred                             84.2±19.1                 84.1±20.1           84.3±19.1
   FRC/TLC                               0.670±0.094               0.660±0.095         0.686±0.089
   FRC/TLC % pred                         118.1±17.1               114.5±16.6           124.0±16.2
  **Hyperinflation (ULN)**               1377 (69.3%)              801 (65.1%)         576 (76.1%)

Data are mean±SD, numbers or percentages. Hyperinflation is defined as RV/TLC above individual predicted value (ECSC)+1.645 [sd]{.smallcaps} (equivalent to ULN). There were significant differences (p\<0.05) between males and females in all parameters except for FEV~1~% pred, FVC % pred, IVC % pred as well as GOLD grades. BMI: body mass index; GOLD: Global Initiative for Chronic Obstructive Lung Disease; GLI: Global Lung Function Initiative; FEV~1~: forced expiratory volume in 1 s; % pred; percentage predicted; FVC: forced vital capacity; RV: residual volume; ECSC: European Coal and Steel Community; FRC: functional residual capacity; TLC: total lung capacity; IVC: slow inspiratory vital capacity; ULN: upper limit of normal.

Prediction of lung hyperinflation based on single visits {#s3a}
--------------------------------------------------------

For visit 1 data and in terms of the r^2^ values of regression analyses, the best prediction of several markers of hyperinflation by measures of lung function was obtained for the RV/TLC ratio, followed by RV/TLC % pred, RV % pred, FRC % pred and TLC % pred (adjusted r^2^=0.680, 0.675, 0.425, 0.560, 0.288, respectively). This was reflected in the smallest ratio of residual SE to mean value. Naturally, RV/TLC was correlated with these terms (RV % pred, FRC % pred and TLC % pred; r^2^=0.644, 0.459, 0.177, respectively). Accordingly, we focussed our subsequent analysis on the RV/TLC ratio as a dependent parameter. Although there was a significant association with IVC, when included in addition to the combination of FEV~1~ % pred and FVC % pred as predictors, the gain was small regarding the improvement in the r^2^ value (adjusted r^2^ of 0.695 *versus* 0.680) or the reduction in RSD. As we aimed at a simple and practical prediction tool and IVC is not commonly measured, we omitted IVC from further analyses. Moreover, we determined separate equations for males and females, as the regression coefficients turned out to be slightly different. The results for the regression coefficients of FEV~1~ % pred and FVC % pred obtained for visit 1 data as well as for visit 2--5 data are shown in [figure S1a](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials) for males and figure [1b](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials) for females, whereby defined values of the predictors (see figure legend) have been inserted. There were no significant differences across the visits regarding estimated regression coefficients, as visualised by their 95% confidence intervals.

Prediction of lung hyperinflation using pooled data from all visits {#s3b}
-------------------------------------------------------------------

We computed a final mixed regression model considering the correlation between the repeated measurements of visits 1--5; for regression coefficients see [table 2](#TB2){ref-type="table"}. The RSD of RV/TLC was ±0.0616 for males and 0.0603 for females.

###### 

RV/TLC ratio as predicted from multiple regression analysis of the total dataset

                       **Males**   **Females**                                                            
  ------------------- ----------- ------------- ----------- --------- ----------- ----------- ----------- ---------
  **FEV~1~ % pred**    −0.002280    −0.002438    −0.002122   \<0.001   −0.002280   −0.002494   −0.002066   \<0.001
  **FVC % pred**       −0.002443    −0.002596    −0.002290   \<0.001   −0.002433   −0.002634   −0.002231   \<0.001
  **Age years**        0.002316     0.002088     0.002545    \<0.001   0.002997    0.002717    0.003277    \<0.001
  **Height cm**        −0.001607    −0.001882    −0.001333   \<0.001   −0.000944   −0.001297   −0.000590   \<0.001
  **BMI kg·m^−2^**     −0.001989    −0.002381    −0.001598   \<0.001   −0.001399   −0.001812   −0.000986   \<0.001
  **Constant term**    1.028511     0.973583     1.083439    \<0.001   0.882296    0.816585    0.948006    \<0.001

Regression coefficients and 95% CI are obtained from the mixed model, including visits 1--5. The predicted value of RV/TLC can be calculated as follows: C1×FEV~1~ % pred+C2×FVC % pred+C3×age+C4×height+C5×BMI+constant term. RV: residual volume; TLC: total lung capacity; FEV~1~: forced expiratory volume in 1 s; % pred: % predicted; FVC: forced vital capacity; BMI: body mass index.

To enable a most comfortable estimation of RV/TLC from FEV~1~ % pred and FVC % pred, we constructed nomograms ([figure S2](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials)). These were drawn for an age of 65 years, a BMI of 25 kg·m^−2^, and height of 175 cm in men and 165 cm in women. The magnitude of adjustments for different values of age and BMI can be seen from the coefficients given in [figure 1a](#F1){ref-type="fig"} and b. For an even more simple approach, [figure 1](#F1){ref-type="fig"} shows alternative nomograms based on FEV~1~ % pred and FVC % pred only (*i.e.* neglecting the (small) effect of the variation in anthropometric characteristics).

![Nomograms in a) males and b) females obtained as in [supplementary figure S2](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials), whereby the covariates age, body mass index and height were omitted (*i.e.* only forced expiratory volume in 1 s (FEV~1~) % predicted and forced vital capacity (FVC) % predicted were used for prediction of residual volume/total lung capacity).](00092-2020.01){#F1}

The regression equations allowed us to predict the presence of hyperinflation (RV/TLC\>ULN), for which the nomograms are given in [figure 2](#F2){ref-type="fig"}. ROC analyses were based on visit 1 data to accommodate for the fact that results from subsequent visits were not independent. ROC curves for different sets of predictors ([figure 3](#F3){ref-type="fig"}) illustrated a high accuracy *via* FEV~1~ % pred or FVC % pred alone as predictors, even when omitting the effects of covariates. Hyperinflation could be predicted by FEV~1~ % pred with an AUC of 0.870, by FVC with 0.864, by their combination with 0.889. The optimal cut-off values for FEV~1~ % pred or FVC % pred according to the Youden index were 53% pred (sensitivity 0.75, specificity 0.84) and 53% pred (sensitivity 0.73, specificity 0.85), respectively. Also, in the subgroup of GOLD grade 1--2 patients, diagnostic accuracy remained sufficient (AUC of 0.781, 0.792, 0.814, respectively). When including the covariates for prediction, AUC values were 0.880 for the total population and 0.792 for GOLD grades 1+2. For comparison with the literature \[[@C6]\], we also determined the predictive value of FEV~1~ combined with FVC for severe hyperinflation as defined by RV/TLC\>0.6; the corresponding AUC was 0.915.

![Nomograms in a) males and b) females for the prediction of clinically significant air trapping/hyperinflation (residual volume/total lung capacity\>upper limit of normal (ULN)) as obtained from the mixed model based on forced expiratory volume in 1 s (FEV~1~) percentage predicted (% pred) and forced vital capacity (FVC) % pred as predictors, including age, height and body mass index (BMI) as covariates (yellow area). The prediction equations used are the same as those used in [supplementary figure S2](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials) and shown in [table 2](#TB2){ref-type="table"}. For the nomogram, a BMI of 25 kg·m^−2^ was assumed for both sexes, a height of 175 cm for males, and of 165 cm for females. The different lines refer to different values of age. If the patient\'s combination of FEV~1~ % pred and FVC % pred is located on the left side of the line for the patient\'s age, this indicates significant hyperinflation, otherwise not.](00092-2020.02){#F2}

![Receiver operating characteristics showing the predictive value of forced expiratory volume in 1 s (FEV~1~) percentage predicted (% pred) and forced vital capacity (FVC) % pred alone and in combination, as well as the full model including age, height and body mass index as covariates to estimate hyperinflation as defined by an residual volume/total lung capacity ratio above the upper limit of normal. Data from males and females are combined. The results for the a) total population, b) patients of Global Initiative for Chronic Obstructive Lung Disease (GOLD) grades 1 and 2 only.](00092-2020.03){#F3}

Discussion {#s4}
==========

Air trapping and lung hyperinflation contribute to disease severity in terms of dyspnoea, exercise intolerance, reduced physical activity, and increased morbidity, especially in COPD patients \[[@C27]\]. In the present study, we aimed to derive an easily applicable estimator of lung hyperinflation or air trapping based on commonly available spirometric lung function measures. This prediction was possible with a high accuracy, especially when judging the presence of significant hyperinflation. The measure that could be estimated with the highest reliability was the ratio RV/TLC, an indicator of air trapping highly correlated with hyperinflation in COPD \[[@C6], [@C28]\]. FEV~1~ % pred and FVC % pred were sufficient for this prediction, while the effect of anthropometric characteristics was minor, except for the difference between sexes. We also found that IVC, and implicitly the difference between IVC and FVC, did not play a major role, probably due to the variability of IVC data. The results could be summarised in nomograms that are applicable even retrospectively to reports in which only basic information on FEV~1~ and FVC is given.

In addition to the RV/TLC ratio, several other parameters, somewhat arbitrarily, are used to rate trapped air and hyperinflation \[[@C7]\], and various approaches have been proposed for their estimation from spirometry, obviating the need for body plethysmography, gas dilution or further techniques \[[@C29]\]. RV % pred can be estimated to detect hyperinflation \[[@C30]\] using two equations published previously \[[@C31], [@C32]\]. Although it appeared that measurement of static lung volumes had little incremental value compared to spirometry regarding the differentiation between asthma and COPD \[[@C33]\], there are other data underlining the value of such measurements. For example, the RV/TLC ratio appeared as highly informative regarding the clinical status in COPD, including comorbidities \[[@C11]\]; it also was an independent risk factor for all-cause mortality \[[@C28]\]. The importance of hyperinflation was also underlined by the finding that the inspiratory capacity/TLC ratio was a predictor of mortality in patients with emphysema \[[@C34]\]. Among measures of hyperinflation, the RV/TLC ratio is of special interest from a methodological point of view. The measurement of absolute static lung volumes is prone to errors (*e.g.* in the shutter manoeuvre of body plethysmography). When taking a ratio of two such volumes, part of the error is cancelled, and this was in accordance with our finding that RV/TLC showed a closer relationship to spirometric parameters than absolute measures of hyperinflation, expressed either in % pred or as absolute values.

Our results were based on a stepwise approach. We first identified the best measure of lung hyperinflation and the required predictors from visit 1 data of a large COPD cohort. The regression model was then applied to data of four subsequent visits that had been obtained in subsets of the patients included at visit 1. Although these visits did not represent independent cohorts, the measurements were performed independently and the time interval between visits was up to 18 months, thereby giving room for changes in the patients\' functional status. With these caveats, the analyses can be considered as repetitions of the basic analysis. The results were fully compatible with each other and justified the estimation of a final model comprising all data. The accuracy of estimation is demonstrated by the observation of a close correlation between the spirometrically predicted values of RV/TLC and the classical ECSC reference equations \[[@C25]\]. When inserting values of 100% predicted (GLI) for FEV~1~ and FVC, an age of 65 years, BMI of 25 kg·m^−2^, and a height of 175 cm for males or 165 cm for females, virtually the same predicted values for RV/TLC were obtained as from ECSC (RV/TLC predicted *versus* ECSC in males: 0.376/0.393, in females: 0.415/0.411). This demonstrated that our equations, although derived from a COPD population, were consistent with those derived from healthy reference populations. The predictions could not be improved when using z-scores instead of % pred values. Details on the assessment and usefulness of RV/TLC are discussed in the [supplement](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials).

The numerical estimates of the ratio RV/TLC that we provide comprise a RSD of about 0.06 that is lower than the RSD given in the ECSC prediction equations \[[@C25], [@C26]\]. Thus, on an individual basis, our prediction is better than that by the reference equations. At least regarding the plethysmographically measured FRC (intra-thoracic gas volume (ITGV)), the ECSC prediction equations turned out to be superior to other equations when the evaluation was extended to obese COPD patients, thereby suggesting their validity \[[@C16]\]. Besides numerical values, a decision on the presence of clinically significant hyperinflation is of interest. This problem has been tackled in a recent study relying on a cohort of 319 COPD patients \[[@C6]\]. The authors analysed the shape of the flow--volume curve, which conceivably confers information on the degree of airway collapse that should reflect air trapping and hyperinflation. Based on their computations they could predict lung hyperinflation (RV/TLC\>ULN) with an AUC of 0.95 in 173 GOLD grade 2--4 patients. In contrast, we did not exclude patients of GOLD grade 1, as the prediction of air trapping is most challenging and interesting in low COPD grades. In our study, 12.1% of GOLD grade 1 patients showed hyperinflation at visit 1, compared to 52.1%, 89.4% and 97.8% of grades 2--4, respectively. Assessment of hyperinflation is probably useful in any COPD severity, given that FEV~1~ and symptoms show only poor correlation. It is also useful for quantification of responses to pharmacological treatment \[[@C2], [@C3]\] or determination of eligibility for interventions that became important especially in patients with severe hyperinflation.

It may seem astonishing that we also achieved a rather high AUC when using FEV~1~ and FVC only. To understand this, one has to consider the characteristics of the flow--volume curve in COPD patients. In healthy subjects, the time point of 1 s after start of expiration is located much closer to FVC than the peak flow point, corresponding to the high ratio FEV~1~/FVC. In COPD, this time point is shifted towards the peak flow point, and therefore the difference to FVC becomes larger. As obstruction is regularly associated with a concave shape of the flow--volume curve, the discrepancy indirectly confers information on the form of the curve. This might explain the similarity between the results of the detailed analysis \[[@C6]\] and the simple approach followed by us. FEV~1~ and FVC were truly independent for prediction, with very similar coefficients (see [supplementary figure S1](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials)), and thus equally important. It is also interesting that the nomograms were virtually identical for men, when omitting the anthropometric information, but slightly different for women ([figure S2](http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00092-2020.figures-only#fig-data-supplementary-materials), [figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). This reflected additional modifying effects on RV/TLC in women, which are probably worth of consideration in future investigations.

Limitations {#s4a}
-----------

Our analysis did not comprise indices such as the defined intervals of the forced expiratory flow. The first reason for this was that the COSYCONET dataset available for analysis does not routinely contain these data. The second reason, more importantly, was that we analysed these parameters in a subset of 95 COPD patients from one of the study centres (LMU Munich). When putting the flow rates as predictors into the regression analysis for RV/TLC, they turned out to be not significant, whereas FEV~1~ and FVC were significant even in this small dataset. This underscores the concept of choosing FEV~1~ and FVC as relevant predictors, even more, when considering our aim of developing a simple tool for the estimation of lung hyperinflation.

Even though the prediction of RV/TLC could be achieved with remarkable accuracy from FEV~1~ and FVC alone, some variability remained. It seems an intriguing question, whether the individual difference between the degree of hyperinflation predicted from spirometry (*i.e.* under the condition of forced expiration) and the degree measured in body plethysmograph (*i.e.* under resting ventilation), carries information on lung structure. In addition to obesity and other potential external influences, this might be useful for functional phenotyping.

The basic results were derived from visit 1 data, which were compared with visit 2--5 data in subsets of patients measured at visit 1. Therefore, we did not have independent validation cohorts, and the primary source of variation was the variability of lung function within patients. On the other hand, we had four visits available for checking and improving the estimates derived from visit 1 data. Still there is the possibility that in independent cohorts the regression coefficients might change. This, however, is unlikely for white COPD patients, as the characteristics of our study cohort were typical for this kind of cohort. Possibly, coefficients are different in nonwhite patients, who are characterised by different anthropometric proportions. That this might play a role, would be consistent with the difference between equations for men and women. In a similar manner, it is not clear whether the results regarding RV/TLC are valid for all types of body plethysmographs that are available on the market. These issues should be addressed in future studies.

Conclusion {#s4b}
----------

Using a large data set of a COPD cohort and including data from several visits for validation, we developed a simple approach to estimate air trapping/hyperinflation in terms of RV/TLC in COPD patients, using only FEV~1~ % pred and FVC % pred. The nomograms presented in this paper are easily applicable and might be especially useful in general practice.
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